Background: Melanocortin receptor agonists that bind to the melanocortin receptor 4 may cause increases in blood pressure (BP). Bremelanotide is an on-demand, subcutaneous melanocortin-receptor agonist that binds to the melanocortin receptor 4 and is being developed for the treatment of female sexual dysfunction.
INTRODUCTION

B
remelanotide is a novel cyclic heptapeptide melanocortin analog that acts as a melanocortin-receptor ligand and agonist with highest affinity for the type-4 receptor, which has the potential for downstream modulation of brain pathways involved in sexual response [1] [2] [3] . The drug was initially developed for intranasal administration; however, this route was associated with a wide variability in bioavailability [4, 5] , potentially exposing some patients to levels above those needed for efficacy, and a heightened risk of autonomic or other adverse effects including elevations in blood pressure (BP), while leaving other patients with inadequate exposure. Hence, a subcutaneous formulation was developed that might provide a tighter relation between dose and exposure, facilitating the identification of dosing schedules with clinical efficacy and improved safety profiles.
For drugs with off-target effects associated with increases in BP, out-of-office monitoring has been shown to be effective in ascertaining the extent and duration of pharmacodynamic effects during both phases 2 and 3 clinical development [6, 7] . Hence, we conducted a large, multicenter, randomized, double-blind, placebo-controlled, and parallel-group trial of three different doses of bremelanotide administered subcutaneously on an at-home, asneeded basis for up to 12 weeks by premenopausal women with sexual dysfunction syndromes. The study was developed to characterize the incidence and time course of BP changes by using ambulatory monitoring and to determine the pharmacodynamics of bremelanotide following subcutaneous dosing.
METHODS
Study design
The study consisted of a 4-week, no-treatment screening period; a single in-clinic dose of single-blind placebo administration; a 4-week, single-blind placebo, outpatient self-treatment (baseline) period; a 2-week period during which randomized study participants received two single in-clinic doses of double-blind placebo/treatment spaced approximately 1 week apart; and a 12-week, double-blind, outpatient, self-treatment period (Fig. S1 in the online data supplement, http://links.lww.com/HJH/A711). The doubleblind randomization, by an interactive voice/web response system, assigned study participants in a 1 : 1 : 1 : 1 ratio, with stratification by sexual dysfunction diagnosis, to placebo or bremelanotide 0.75, 1.25, or 1.75 mg provided in prefilled syringes for subcutaneous injection into the anterior thigh or abdomen approximately 45 min prior to anticipated sexual activity (not exceeding one dose per day or 16 doses during a 4-week period). During this latter 12-week study phase, participants were assessed every 4 weeks. The trial was registered with ClinicalTrials.gov (identifier: NCT01382719).
Study participants
All participants were premenopausal, nonpregnant women aged at least 21 years with hypoactive sexual desire disorder, female sexual arousal disorder, or a combination of these disorders with at least 6-month duration, as diagnosed by a qualified clinician using a diagnostic screening guide and validated instruments including the Female Sexual Distress Scale-Desire/Arousal/Orgasm [8] and the Female Sexual Function Index [9] questionnaires. Exclusion criteria included any unstable medical condition including any recent cardiac or cerebrovascular disorder, and uncontrolled treated or untreated hypertension, defined as a repeated observation of a SBP at least 140 mmHg or DBP at least 90 mmHg during the screening period, or change in any antihypertensive therapy in the preceding 6 weeks prior to study enrollment suggesting a lack of stable baseline BP values.
The trial was conducted in accordance with Good Clinical Practice requirements, as described in the current revision of International Conference on Harmonization of Technical Requirements of Pharmaceuticals for Human Use guidelines and the Declaration of Helsinki. Before any study procedures occurred, a written informed consent was obtained from each study participant.
Safety assessments
At each clinic visit following the screening visit, all study participants were queried about adverse events. Safety assessments also included physical examination, vital signs, 12-lead ECG [at screening; at the second in-clinic double-blind studydrug dosing (approximately 2-h postdose, the expected time of bremelanotide maximal plasma concentration (C max )); and at end of study], and clinical laboratory tests.
Blood pressure monitoring
The BP was monitored manually for 2 h following each of the three in-clinic study visits (the first was a single-blind placebo dose, whereas the second and third visits were double-blind placebo/study drug). Before each dose was administered in the clinic, study participants were fitted with an ambulatory BP monitor (ABPM) that was initiated to measure the BP at 15-min intervals (Spacelabs 90207 ABP Monitor; Spacelabs Healthcare, Issaquah, Washington, USA). The ABPM data were searched both manually and programmatically (by standardized, computerized methods, CoreLab Partners, Inc.; Rockville, Maryland, USA) for SBP values at least 150 mmHg or DBP values at least 95 mmHg and for postdosing SBP changes from baseline at least 30 mmHg or DBP changes at least 15 mmHg. All reports with these flagged values were reviewed by safety personnel, including an independent clinical hypertension expert blinded to treatment assignment (W.B.W.), who also reviewed related physical/mental activities, heart rate (HR), and nonstudy-drug medications. If the clinic or ambulatory BPs met measurement criteria based on the absolute prespecified levels, change from baseline in BP and duration of the increase from baseline (Table S1 in the online data supplement, http://links.lww.com/HJH/A711), the patient was withdrawn from the trial.
Pharmacokinetic assessments
At the two in-clinic, double-blind, study-drug dosing visits, blood draws were performed predose and at 0.5, 1.0, and 2.0-h postdose for pharmacokinetic analyses including determination of the C max of bremelanotide. Plasma concentrations were analyzed using a validated liquid chromatography coupled with tandem mass spectrometry method. Noncompartmental analysis of the plasma concentration versus time data with validated pharmacokinetic software was used to calculate C max , time of maximal concentration (T max ), area under the time-concentration curve (AUC) (0) (1) (2) (3) (4) , and AUC (0-2) [10] .
Statistical analyses
Multiple BP safety endpoints were assessed in an exploratory manner in the trial. The key endpoint was the difference in mean change in ambulatory BP from baseline in the active treatment group versus placebo after the initial double-blind dose according to the following time intervals: 0-4, more than 4-8, more than 8-24, and 0-24 h postdose. These same ambulatory BP data were also evaluated after the second double-blind dose that was administered in the study clinic. Other endpoints included changes from baseline in the HR and systolic pressure-HR product, the duration of SBP shifts in 15-min intervals using thresholds of changes of 10 and 15 mmHg and absolute values of 150 and 160 mmHg. Pharmacokinetic analyses included calculation of the mean plasma C max (ng/ml) and range as well as the coefficient of variation of the C max after the first and second in-clinic doses of the three dose levels of bremelanotide. The relationship between the maximal observed SBP and DBP and BP changes, HR and HR change, and the plasma C max of bremelanotide (using data from all dose levels) were individually examined by simple linear regression analysis with C max as the independent variable and BP and HR (individually) as the dependent variables. Finally, the incidence of adverse events was tabulated in all participants who received at least one dose of double-blind study drug (safety population).
Sample-size calculation
The sample size of this trial was based on the efficacy of bremelanotide with an assumption that 100 study participants per treatment group would have 80% power to detect a clinically important difference in sexually satisfying experiences at the 0.05 significance level between the placebo group and the 1.25/1.75 mg groups pooled. There were no assumptions made regarding cardiovascular safety utilized in the clinical efficacy power calculations. Post-hoc computations showed that 100 patients per treatment group provided power to detect a difference between treatment groups of 3 mmHg in DBP and SBP as follows: 85.4% power for a common SD of 7 mmHg (a conservative assumption for DBP) and 75.1% power for a common SD of 8 mmHg (a reasonable assumption for SBP).
RESULTS
Characteristics of the study participants at baseline
Of 1142 potential participants screened at 67 US and Canadian clinical sites, 612 were enrolled and 397 were randomized into one of the four dose groups. Among the 397 randomized participants, 327 used double-blind study drug at home and were assessed at 4 double-blind weeks (modified intent-to-treat population), and 287 completed the study. Disposition of the participants, including reasons for nonrandomization into the study, is shown in Fig. S2 in the online data supplement, http://links.lww.com/HJH/A712. Baseline characteristics of the double-blind study-drug recipients were similar among the treatment groups (shown in 
Protocol-directed, blood pressure-related withdrawals
Throughout the study, no study participant had in-clinic BP results that met any of the predefined criteria for BP-related withdrawal ( Table S1 in the online data supplement, http:// links.lww.com/HJH/A711). Based on ambulatory BP findings prior to randomization, 40 participants (8.2%) met the criteria for withdrawal after receiving a single-blind dose of placebo. Based on ambulatory BP findings after randomization, 27 participants (7% of the 394 women who were randomized and dosed) either met specific BP criteria (n ¼ 24), created clinical concern (n ¼ 2), or had a technically unacceptable ambulatory BP recording (n ¼ 1) and were withdrawn from further study participation -this included six (6% of 97) after a placebo dose, four (4% of 100) after a 0.75-mg bremelanotide dose, nine (9% of 99) after a 1.25-mg dose, and seven (7% of 98) after a 1.75mg dose.
Ambulatory blood pressure and heart rate changes following in-clinic injections
Mean ambulatory BP and HR changes from baseline obtained at 15-min intervals for up to 12 h after doubleblind study-drug dosing at the two visits are shown in Fig. 1 . The placebo-subtracted mean ambulatory BP changes from baseline from the single-blind in-clinic placebo dose to the first and second double-blind in-clinic bremelanotide doses are shown in Table 2 . Bremelanotide was associated with small increases in the SBP and DBP, with a maximum mean systolic change of þ3.1 mmHg in the 1.75-mg group at 0-4 h after the first double-blind dose. The 0-4-h changes in SBP were statistically significant for the two highest doses. Changes from baseline in SBP in the 1.25 and 1.75-mg doses were NS following 4-8 h after the initial dose but were for the second dose of 1.25 mg only ( Table 2) . Similar findings were observed for the ambulatory DBP. Statistically significant reductions in placebo-subtracted mean HR were confined to the first 8 h and consisted of decreases that were similar in all treatment groups (range of means, À4.8 to À6.6 bpm). Changes from baseline in the placebo-subtracted systolic pressure-HR product were lower in all three treatment groups. There were no inverse relationships between the changes in ambulatory HR and changes in SBP seen for bremelanotide or placebo (data not shown).
Outlier analyses
There were five clinically important shifts in SBP (>10 or >15 mmHg lasting !30 min) lasting more than 30 min (three on bremelanotide and two on placebo). Most of these events -91% after placebo dosing and 88% after bremelanotide dosing -lasted 15 min or less. Of the five observed elevations of SBP values more than 170 mmHg for more than 15 min, two were in 0.75-mg recipients, one in a 1.25-mg recipient, two in 1.75-mg recipients, and none in placebo recipients (Table 3) . No patient in any bremelanotide group exhibited an SBP more than 180 mmHg for more than 15 min or an increase at least 15 mmHg for more than 30 min.
Pharmacokinetics
The bremelanotide plasma C max findings among all recipients of an in-clinic bremelanotide dose are shown in Table  4 . Following both in-clinic doses, the pharmacokinetic results indicate dose proportionality. There was no relationship observed between the maximal change in the SBP and the C max following the initial in-clinic dose nor the maximal change in the HR and the C max (Fig. 2 ).
Adverse events overall
Treatment-emergent adverse events reported during the entire 12 weeks, double-blind study-drug treatment are shown in Table S2 of the online data supplement, http:// links.lww.com/HJH/A712. At all bremelanotide dosages, the most common adverse events were nausea, flushing, and headache, with no marked dosage dependence. There was one adverse event classified as serious: in the 1.75-mg group, a 41-year-old obese woman was admitted to a hospital with a diagnosis of anxiety-related noncardiac chest pain. Two cardiovascular adverse events -palpitation and flushing accompanied by normal ECG findings in a 0.75-mg user and asymptomatic sinus bradycardia among otherwise normal ECG findings in a 1.75-mg user -were classified as possibly study-drug related.
DISCUSSION
In premenopausal women with sexual dysfunction syndromes, bremelanotide administered subcutaneously was followed by small and transient increases in BP. For the highest dose, 1.75 mg, the mean maximum increases for SBP and DBP were 3.1 and 3.2 mmHg, respectively, and the SBP elevations were generally confined to 4 h following drug administration. There was a small number of participants in whom the proportion of increases in SBP to values more than 150 mmHg were higher after bremelanotide doses than placebo, but there were no sustained elevations (>15 min) exceeding 180 mmHg. One patient (of 99 patients) on the 1.75-mg dose had an elevation of SBP of 170 mmHg lasting 30 min. In total, approximately 7% of participants met predefined BP criteria and were withdrawn from the study. Of note, these participants were evenly distributed among the randomized treatment assignments, including placebo. The BP changes associated with subcutaneous bremelanotide were accompanied by mean HR reductions of 4.6-6.6 bpm, which persisted for up to 8 h following administration. Although it is unclear whether this represents a baroreceptor reflex, a central adaptive process, or a combination of peripheral and central mechanisms, the reduction in HR led to a decline in the rate-pressure product, a clinical surrogate for myocardial oxygen consumption [11] .
The three doses of bremelanotide demonstrated doseproportional increases in concentrations following subcutaneous dosing of premenopausal women. Pharmacokinetic analyses performed in conjunction with 24-h monitoring of the BP showed no relation between pharmacologic exposure and the maximally observed changes in the SBP or HR. Because bremelanotide is a central nervous system agonist that allows the drug to remain on the target tissue/cells, it can have pharmacodynamics effects after the systemic concentrations are not measurable. In an earlier study of high doses of subcutaneous bremelanotide in men with erectile dysfunction [5] , dose-dependent increases in plasma concentrations of bremelanotide were observed with a T max of 0.5-1 h and mean half-life ranging from 1.9 to 2.7 h. The same study also showed transient increases in clinic SBP of 4-5 mmHg that were similar to the present study for single subcutaneously administered doses of 4-6 mg.
Recently, off-target increases in BP have attracted both regulatory and scientific interest, focusing attention on how carefully these increases are determined during drug development and their potential impact on the benefit versus risk of the therapy under investigation [6] . As there is evidence that out-of-office BP predicts cardiovascular outcomes better than in-clinic monitoring from prospective cohort studies [12, 13] , ABPM has become more widely used in assessing the BP effects of drugs. Furthermore, phase 2 is an opportune time to evaluate drug-induced off-target BP increases because these studies typically involve patients with the disease or disorder of interest, have more intensive monitoring of vital signs compared with phase 3, and use a wider dose spectrum [6] . Many classes of drugs -from antidepressants to NSAIDs to oncologic therapies -can increase BP via distinct mechanisms ranging from activation of the sympathetic nervous system, salt and water retention to inhibition of vascular endothelial growth factor [14] . For example, a number of prior studies using ABPM with the NSAIDs demonstrated the ability to provide more precise information on the pressor effects of these agents outside of the clinical research environment along or when combined with antihypertensive therapies [15] [16] [17] . These earlier trials have led the way for utilizing out-of-office BP monitoring that has affected regulatory advice in drug development as it relates to BP changes [6, 14] .
The data from this large phase 2 study with bremelanotide were important for future development of the drug for at-home, as-needed subcutaneous self-injection by premenopausal women with female sexual dysfunction. The BP and HR effects of bremelanotide at doses 1.75 mg or less <15  >15  >30  >45  <15  >15  >30  >45  <15  >15  >30  >45  <15  >15  >30  >45   Placebo  11  2  0  0  7  0  0  0  2  0  0  0  0  0  0  0  0 . 7 5 m g  2 2  1  0  0  3  0  0  0  2  1  0  0  1  0  0 were intensively studied using 24-h monitoring measurements that captured both the time course of the BP and HR changes as well as allowed for assessment of outliers compared with placebo. The results showed small and transient increases in BP accompanied by reductions in the HR. The results on repeated dosing were similar to the initial dose administration with very few dropouts between the 2 test days. Importantly, the results of this large phase 2 study in the target population were helpful to avoid this level of intensive vital signs monitoring during phase 3 development. As the BP effects of the drug have been well characterized in this trial, the phase 3 program can obtain BP data in the clinic using standardized measurements. Strength of the data comes from the subcutaneous delivery of bremelanotide that improves the predictability of exposure compared with the intranasal delivery of this drug [4] , with potential benefits in treatment safety, tolerability, and consistency of effectiveness. An important limitation is the exclusion of women with uncontrolled hypertensive values at baseline whether treated or not with antihypertensive therapy. More information may be derived from the larger phase 3 development program as it relates to the effects of bremelanotide on BP in women with less well controlled hypertension.
In conclusion, off-target BP elevations occur with several classes of medications for noncardiovascular indications. Bremelanotide is a subcutaneously administered melanocortin receptor agonist that is being developed for female sexual dysfunction. Prior research with an intranasal formulation of this drug suggested that it could elevate BP in both men and women but the absorption of the drug was less predictable than subcutaneous administration. During a large phase 2 program with subcutaneous administration of bremelanotide, we studied the effects of its administration (three separate doses) on two separate days in a randomized, placebo-controlled study using ambulatory BP measurement that could characterize the pharmacodynamics effects of this drug in the patients at home environment. We found a transient rise in the BP accompanied by a reduction in the HR following bremelanotide. The levels of BP were not related to drug exposure and persistent moderate or severe hypertension did not occur on any dose of bremelanotide. Hence, these data supported a level of safety of this drug that allowed for its further development with standard clinical trial assessment of vital signs and demonstrated the utility of ABPM in the assessment of a novel compound for a noncardiovascular indication. 
